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Abstract—We develop a light utility-oriented placement of
actuator nodes (LUOPAN) for wireless sensor/actuator networks
(WSAN) to spread serving duties among actuator nodes (ANs).
Through appropriate placement of ANs and allocation of serving
duties, system deployment cost can be reduced, and the system
longevity can be improved. By considering utility consumption
and geographic distribution of required services, LUOPAN out-
performs existing strategies (e.g. area coverage approach and
greedy approach) in terms of operation efficiency and setup cost.
A mixed integer linear programming is used to obtain an optimal
solution in a discretized search space, with considerations of
service fading and multi-scenario placements.
I. INTRODUCTION
Wireless sensor/actuator networks (WSAN) and cyber-
physical systems (CPS) are systems that contain numerous
distributed, linked and autonomously operated sensor nodes
(SNs) and actuator nodes (ANs). Generally, WSAN are used
to gather adequate information about the physical environment,
and provide useful and prompt services for people. In order
to provide services, ANs interact with the physical environ-
ment by means of actuators. Comparing to SNs, ANs are
devices usually equipped with better capabilities of control,
computation and action. In addition, node features (e.g. power
consumption as well as accuracy, duration and frequency of
activation) are different. In addition, the framework can be
generalized for the placement of primary sophisticated SNs
(e.g. SNs with cameras) that are activated by secondary simple
SNs (e.g. SNs with infra-red motion detector).
In order to ensure coverage and credibility of the service, as
well as minimize resources consumed by WSAN, ANs should
be correctly placed. However, there are no existing specific
frameworks for placements of ANs. For example, due to
differences of node features, existing algorithms for SNs (e.g.
[1], [2] and Delaunay triangulation) are not applicable for
placements of ANs. Placement of actor nodes and mobile ANs
have been explored in the literature [3], [4]. However, these
nodes can move to locations that can serve without obstructions
or service fading. Furthermore, actor nodes are assumed to
be easily recharged. However, ordinary and low-cost ANs are
usually located in fixed positions, operate with limited power,
serve with fading of services, and have different behaviors of
motions (e.g. ANs should have more rotations of actuators).
Therefore, algorithms for placement of these nodes are also
not applicable for placements of ANs.
Service coverage, system connectivity and system
longevity [1] are common metrics for placements of nodes.
However, we believe that “utility” is a more suitable metric for
AN placements. In the field of robotics, the concept of “utility”
has been widely used for task allocation [5]. In placement
of ANs, “utility” allows versatile modeling of environments
and serving around points of interest (POIs), because of
the following reasons: i) Targets to be served or crucial
occurrences of an event are usually unevenly distributed
over the area. Thus different areas should have different
importance and values of serving [6]; ii) Homogeneous
hardware platforms are often used as nodes in an application,
but serving environments of every POI can be different [7].
As a result, serving capability can be excessive or insufficient
in practice. Thus, it is cost-effective to assign different serving
loads to different ANs; and iii) Balanced serving workload of
ANs can prevent overloading of particular ANs beyond their
limit output performance. These concerns are significant, yet,
have not been considered by existing metrics.
In this paper, we propose a framework for light utility-
oriented placement of ANs (LUOPAN). In particular, LU-
OPAN efficiently identifies the least number of fixed located
ANs (and their positions) that serve POIs with different op-
eration requirements, by considering both utility consumption
and geographic distribution of POIs. Other contributions of
our paper are: i) Service fading has been described in a
unified framework for a more realistic placement; and ii)
LUOPAN can be applied to multi-scenario placements, such
that the system can change its serving characteristics according
to serving conditions, without relocating ANs or consuming
energy for unnecessary actions.
The paper is organized as follows: The utility-oriented
placement and its generalizations (e.g. service fading and
multi-scenario placement) are presented in Section II. In
Section III, the performance of LUOPAN is evaluated by an
example of regulations in a laboratory.
II. PLACEMENT OF ACTUATOR NODES
LUOPAN has to determine the location and coverage
radius of deployed ANs as well as distribution of serving
workload among ANs, with a minimized total cost for setup
and operation. The placement problem is formulated as a
mixed integer linear programming (MILP) problem with a
cost objective function and constraints that models different
concerns in the deployment of ANs.
A. Search Space in the Optimization
In LUOPAN, I AN candidates can be selected to serve J
POIs on the serving field. For ease of explanations, Ai denotes
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the i-th candidate of AN and Pj denotes the j-th POI, where
i = 1, 2, . . . , I and j = 1, 2, . . . , J . The problem without mesh
discretization is a integer nonlinear programming problem. It is
highly non-trivial to find a global optimal solution. Therefore,
the infinite search space of AN locations is discretized to form
a finite search space. All AN candidates are located at the
grid points, in which the grid size depends upon the accuracy
desired. The Cartesian coordinate of Ai and Pj in 2D fields
are {xAi , yAi} and
{
xPj , yPj
}
, respectively.
B. Cost Objective Function
LUOPAN has to minimize the penalty of POIs not being
served costnot assigned and the cost of deploying and operating
ANs costassigned. It can be described as follows:
min
I∑
i=1
(E × Yi + ri)︸ ︷︷ ︸
costassigned
+
J∑
j=1
(vj × Zj)
︸ ︷︷ ︸
costnot assigned
, (1)
where Yi is the binary selection parameter of Ai, i.e., Yi = 1
indicates candidate Ai is selected in the placement; Zj is the
binary selection parameter of Pj , i.e., Zj = 1 indicates Pj is
not served by any selected AN. Furthermore, vj is the penalty
of Pj not being served, E is the setup cost of an AN, and ri
is the service coverage radius of Ai. Generally E := 100 and
{vj} := 1000, such that all POIs are served with the minimum
number of ANs. {ri} should be minimized because ANs with
a smaller coverage radius can use less power to serve, which
leads to a higher energy efficiency and longevity of ANs and
the system. Service coverage radius can be adjusted through
control units and actuators on ANs.
C. Constraints on the Coverage of Services
In LUOPAN, inspired by Elfes model, a relaxed disc
service coverage zone centered at Ai is adopted in this study.
In the model, Pj can be served by {xAi , yAi} if it is within ri,
while the serving efficiency depends on the distance between
Pj and Ai (Further discussions about service fading are given
in Section II-D). In other words, if Pj is assigned to Ai, then
Pj must be within the range of Ai. This restriction can be
described by the following constraint for node Ai:
ri ≥ di,j ×Xi,j , (2)
where Xi,j is the binary connection parameter between Ai
and Pj , i.e., Xi,j = 1 indicates Pj is served by Ai. di,j is the
Euclidean distance between Ai and Pj .
In practices, ANs have a limited maximum serving output
power and service coverage radius, which are based on the
capacity of their on-board battery as well as power of circuits
and devices on ANs. For simplicity, each AN is assumed
to have the same maximum service coverage radius rmax.
Furthermore, if Ai is not selected, ri = 0. This can be
described by the following constraint:
0 ≤ ri ≤ rmax × Yi. (3)
Furthermore, Pj is served by one AN. This can be de-
scribed by the following inequality:
Zj ≥ 1−
I∑
i=1
Xi,j . (4)
D. Generic Constraints on Consumption and Generation of
Utilities with Service Fading
Insufficient serving power to POIs may lose serving cover-
age or even fail to provide guaranteed services, and eventually
deteriorate the performance of the system. Thus, it is necessary
to consider rate of generating utilities from ANs (utility
budget) and rate of consuming utilities by POIs. Meanwhile, in
practice, the strength of service power usually decays when the
service is delivered from the AN to the POI. In other words, an
AN can serve several POIs that are closed to the AN, but only
serve one POI that is far from the AN. These considerations
can be described by the following constraint:
J∑
j=1
(
uj ×Xi,j ×
((
di,j
fi,j
)2
+ g
))
≤ C × Yi, (5)
where fi,j is the factor for path loss of the delivered service
from Ai to Pj , g is the factor for the operation loss of an AN,
uj is the consumed utility of Pj and C is the maximum utility
budget of an AN for serving. Serving patterns of ANs and POIs
as well as {fi,j}, g, {uj} and C can be determined through
product specifications, theoretical estimations or experimental
measurements, which are case-dependent. In brief,
• {uj} depend on scenarios of serving. In particular,
it depends on accuracy, reliability, relevance, timeless
and usability of service. It also depends on whether
the service is periodic or event-driven. In general, {uj}
should be higher for critical POIs, such that allocated
AN(s) will pay more attention to these POIs. For
example, the POI may require a larger {uj} if there
is a higher possibility of making a significant damage,
due to the severity of crashes and shocks.
• {fi,j} depend on features and decay rate of the
service and the ambient environment as well as the
disturbance between ANs and POIs (e.g. trees and
walls). In general, ANs can serve targets that lie in
their line of sight, therefore {fi,j} should be larger;
On the other hand, obstacles may make the service
unreachable, therefore {fi,j} should be smaller.
• C and g depend on the battery capacity, power dissipa-
tion and characteristics of actuators, onboard circuitry
and peripherals on ANs.
In addition, the consumed utility of a POI should not be
larger than the capacity budget of a single AN. Otherwise, the
POI should be decomposed into two or more sub-POIs that are
located at the same location with a smaller consumed utility,
such that several ANs can be used to serve that critical POI.
E. Multi-Scenario Placement through A Constraint Relaxation
In previous discussions, ANs are placed in fixed locations
and serve according to a single scenario. However, serving
patterns and requirements can be changed according to the
pattern of events as well as application-level interests. For
example, requirements of serving during peak hours and non-
peak hours can be different. In order to improve the versatility
of the system, LUOPAN has to consider dynamic changes
during operations and handle multi-scenario placements.
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TABLE I. RESULTS AND COMPUTATION COMPLEXITY WITH RESPECT
TO DIFFERENT PROBLEM CONFIGURATIONS
rmax (m) Number of required ANs Average {ri} (m) CPU time (sec.)
10 12 3.381 15
4 15 2.331 13
2.8 18 1.690 12
2 28 0.294 10
For K serving scenarios, in order to distribute serving
duties to ANs for each scenario correctly, {Xi,j} in (4) and (5)
have to be replaced by {Xi,j,k}, where Xi,j,k is the connection
parameter of Xi,j for the k-th scenario, for k = 1, . . . ,K .
Meanwhile, {Xi,j} are used as usual for (2) and (3), in order
to determine the coverage radius of ANs. Furthermore, Ai is
finally selected if Ai is selected in one of the scenarios, i.e.,
Xi,j = 1 if Xi,j,k = 1 for any k. Determination of {Xi,j} are
enforced by the following linear inequality constraints, such
that the generalized problem can still be solved by a MILP
optimization:⎧⎪⎨
⎪⎪⎩
Xi,j ≥ Xi,j,k for k = 1, . . . ,K
Xi,j ≤ 1
Xi,j ≤
K∑
k=1
Xi,j,k
(6)
III. PERFORMANCE EVALUATION OF LUOPAN
Examples are used to demonstrate the performance of
LUOPAN in typical situations and situations that cannot be
handled by existing algorithms. The example comes from a
WSAN deployment in a school laboratory with dimension
50m × 33m [8], [9]. Since many students had to work at
the same time before the end of the semester, and main
vents were not distributed evenly, there were areas with poor
ventilations and thermal comfort. 28 unevenly distributed
POIs with different weighted consumed utilities are located,
according to positions of vents and pattern of human activities.
Computations run in an optimization solver Lingo 11 [10] on
a 8GB-RAM 2.5GHz dual-core PC.
A. A Deployment without Service Fading (i.e. f{i,j} = 1)
Before the optimization, 900 candidates of ANs, which are
evenly distributed in areas bounded by outmost ANs, were
generated. Cost of establishing an AN (E) and utility budget
of an AN (C) is assumed to be 7 and 75, respectively. After
computations, LUOPAN suggests that 12 ANs with average
{ri} = 3.381m are required to provide adequate requested
services to all POIs. Results with rmax = 10m are shown
in Fig. 1(a). Figure shows that some ANs serve one critical
POI only, while others serve at most three non-critical POIs.
The problem contains 27930 variables (including 26100 integer
variables) and 52231 constraints, and the algorithm needs 15
seconds to solve the problem. Results with rmax = 1m are
shown in Fig. 1(b). Figure shows that if rmax is small, ANs
work independently without any duty sharing.
B. Comparison with Other Strategies in Performance of Place-
ments
Results of LUOPAN are compared with two strategies: i)
ANs are placed such that the coverage area of the WSAN is
0 50
0
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Fig. 1. Locations of POIs and ANs: (a) optimization with rmax = 10m, and
(b) optimization with rmax =1m. Crosses and dash circles denote ANs and
service coverage of ANs. Circles, squares and diamonds denote POIs with 25,
40 and 55 consumed utilities, respectively.
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Fig. 2. Locations of POIs and ANs: (a) placement using Strategy I, and (b)
placement using Strategy II. Crosses and dash circles denote ANs and service
coverage of ANs. Circles, squares and diamonds denote POIs with 25, 40 and
55 consumed utilities, respectively.
maximized via non-linear optimization (Strategy I, based on
the adoption of Matlab Toolbox), and ii) ANs are placed at
the location of POIs one by one, with serving POIs with the
largest utility consumption first (Greedy approach, Strategy II).
Results of two strategies are shown in Fig. 2. Figures show that
if Strategy I is used, 35 ANs with average {ri} = 3.9m are
used to serve about 93 % of the classroom area. However, there
are two POIs that have not been served and two POIs that are
partially served. Meanwhile, if Strategy II is used, the system
can serve all POIs by 12 ANs with average {ri} = 4.8m. As
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TABLE II. IMPACT OF SERVICE FADING ON THE DELIVERY OF
SERVICES WITH DIFFERENT f .
f Number of Average coverage Average consumed Average consumed
(m) required ANs radius (m) utility (Original) utility (Scaled)
4.5 10 4.289 82.000 61.400
4.0 12 3.121 68.333 40.997
3.0 14 2.710 58.571 44.372
2.5 14 2.710 58.571 61.318
2.0 28 0.294 29.286 3.822
a result, LUOPAN outperforms other two strategies in terms
of operation efficiency and system setup cost. This is because
LUOPAN considers both utility consumption and geographic
distribution of POIs for placement. The impact of AN positions
on the system performance becomes even more significant if
the number of ANs is limited. This situation is typical because
ANs are usually expensive to deploy. Furthermore, serving
workload of ANs are balanced, therefore ANs can be prevented
from overloading and the system longevity can be improved.
C. Impact of Fading on the Delivery of Services
Different f and g = 0.1 is used for investigating the
influence of service fading during transmissions. Results are
shown in Table II. Results show that the number of required
ANs increases as f decreases. It is because for a small f ,
POIs that are far from ANs consume more scaled utility due
to the significant fading of service power. In particular, in some
situations, POIs that are far from ANs cannot be served. For
example, if f = 2m, because of the service fading, workload
cannot be shared among ANs, therefore every POI has to be
served by an AN.
D. Multi-Scenario Placement of ANs
In this example, the system has to ensure the delivery of
services in two scenarios: The distribution of utility consump-
tion in Section III-A is used as the consumed utility for office
hours (Scenario A), and Fig. 3(a) shows the distribution for
non-office hours (Scenario B). Fig. 1(a) and Fig. 3(a) show
the placement of ANs if only Scenario A or B is considered,
respectively. Meanwhile, Fig. 3(b) shows the placement if
both scenarios are considered in the multi-scenario placement
framework. The figure shows that 14 ANs with average {ri} =
5.174m are needed to serve all POIs if both scenarios are
considered for placements.
IV. CONCLUSION
A utility-oriented placement framework (LUOPAN) for
fixed located actuator nodes and sophisticated sensor nodes
has been presented. Considerations of service fading and multi-
scenario placements have been included in LUOPAN. Evalua-
tions show that LUOPAN outperforms existing area coverage
approach and greedy point serving approach. Furthermore,
LIUOPAN can also be easily extended to model placements
in three-dimensional spaces and fault-tolerant placements. In
the future, we will generalize LUOPAN for duty scheduling in
WSAN, which aims at awaking several nodes to work while
putting others in sleep mode, such that the system longevity
can be extended.
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Fig. 3. Locations of POIs and ANs: (a) placement with Scenario B, and (b)
multi-scenario placement with Scenarios A and B. Crosses and dash circles
denote ANs and service coverage of ANs. Circles, squares and diamonds
denote POIs with 25, 40 and 55 consumed utilities in Scenario A, and 25, 25,
25 consumed utilities in Scenario B, respectively. Triangles denote POIs with
25 consumed utilities in Scenario A and 35 consumed utilities in Scenario B,
respectively.
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